The major processes that occur when level ice interacts with sloping structures (especially wide structures) are the fracturing of ice and upcoming ice fragments accumulating around the structure. The cohesive zone method, which can simulate both fracture initiation and propagation, is a potential numerical method to simulate this process. In this paper, as one of the numerical methods based on the cohesive zone theory, the cohesive element-based approach was used to simulate both the fracturing and upcoming fragmentation of level ice.
INTRODUCTION
Regarding ship and level ice interactions [1] [2] [3] [4] [5] , previous researchers have identified at least three major interaction phases and several ice load components that can be studied separately. These phases are assumed here to be the ice breaking phase, the ice rotating phase and the ice sliding phase. Notably, based on the numerical simulation results and collected field data in [2] , it was noted that the ice accumulation load, i.e., the load due to the motion of the broken ice floes under the ship, covers nearly half of the total ice load. Similarly, the major processes that occur when level ice interacts with sloping structures (especially wide structures) are also observed to be the fracturing of ice and upcoming ice fragments accumulating around the structure. However, in contrast to icebreakers and level ice interactions, such interaction resides in a relatively low-velocity regime. How different load components contribute to the global loads is of practical interest. To extract such information, a method that is capable of simulating both the fracturing and the upcoming fragmentation of ice is necessary.
The cohesive element method has been adopted and evaluated in [6] [7] [8] and applied to simulating the dynamic fracture and fragmentation of several other quasi-brittle materials. Its applicability in simulating the current level ice and sloping structure interactions will be preliminarily evaluated in this paper.
determined by the material characteristics (e.g., linear softening for brittle materials or the trapezoidal law for ductile materials). As long as this material property is available, it can be adapted to various numerical simulations to model the fracture of the concerned material.
Thus, obtaining the traction separation curve is of crucial importance. Several testing methods and suggestions have been proposed to obtain the traction separation curve for concrete [10] . With respect to ice, the only available traction separation curve (Mode I failure) available thus far was backcalculated by [11] [12] [13] from the field experiment [14] based on the spirit of the cohesive zone method, viscoelastic fracture theory and the weight function method.
The size-independent fracture energy was found to be 15 N/m, which is different from that obtained in the laboratory, typically approximately 1 N/m [15] (see [16] for a more comprehensive reference list). However, one criticism of the large fracture energy is that the loading rate is too slow to suppress the creep deformation, which leads to a larger fracture energy than in lab-scale results [15, 16] .
Interestingly, it seems that all numerical models based on using the cohesive zone method to model the ice failure tend to choose a larger fracture energy, as shown in Table 1 . Trapezoidal law [21] 50 N/m (before homogenization was applied)
Trapezoidal law
The cohesive zone model can be implemented by various numerical methods (e.g., the discrete element approach [17] [18] [19] , meshless approach [22, 23] and cohesive element approach, which will be introduced later) [21, 24] .
The advantages and disadvantages of using several different numerical methods to implement the cohesive zone model with application in ice structure interaction are reviewed in [25] . Due to the wide applicability of the cohesive element method, its simplicity, its availability in general finite element software, and its capability of creating explicit cracks (compared with the XFEM method) to simulate fragmentation (i.e., ice accumulation), it is evaluated in this paper to simulate the whole process (fracturing and fragmentation) of ice structure interactions.
COHESIVE ELEMENT METHOD
The cohesive element method is basically based on the combination of the cohesive zone method and the finite element method. The virtual form of its expression can be found in [6, 26] . Cohesive elements whose constitutive law is described by the traction-separation curve are inserted into the potential crack paths. If the crack path is not known in advance, then cohesive elements can either be inserted along all the boundaries of the bulk elements [27] during the mesh generation or be adaptively inserted into the mesh during the calculation [28, 29] . Thus, there are two types of elements in the mesh: the conventional bulk elements, whose constitutive law is described by a stress-strain relationship, and the cohesive elements, which follow a traction-separation law. Though theoretically rooted in the fracture mechanics concept, the implementation of the cohesive element method in finite element simulations is actually based on a damage mechanics sense. During the simulation, once the cohesive element has reached its maximum traction allowed, its 'stress-strain (being adjusted to traction-separation)' starts to evolve following the specified traction-separation softening curve until the maximum separation is reached. Afterwards, this cohesive element is considered fully damaged and is deleted from the mesh. Thus, an explicit crack is created. Unloading of a not yet fully damaged cohesive element leads to its stiffness degradation based on the previous maximum separation it has attained.
These cohesive elements were physically infinitely thin, and they exist only along the discrete boundaries of the bulk elements. Therefore, it is also called the discrete crack approach, as opposed to other nonlocal approaches (e.g., smeared crack method or cohesive band method).
MAJOR CHALLENGES AND PROPOSED REMEDIES
Despite the merits of the cohesive elements method, simulation based on this method still poses several challenges, the most frequently criticized being mesh objectivity. This problem can be manifested in two folds.
One is that, geometrically, the crack can only propagate along the boundary of the bulk elements. This problem can be radically solved by discarding the cohesive element method and adopting other meshless (e.g., DEM or the particle method) or mesh-free methods (e.g., XFEM or EFG). Another option is to still use the cohesive element method but refine the mesh and implement a crossed triangle mesh pattern, which will be discussed in the following section.
Another aspect of mesh objectivity is the possibility of obtaining a converged solution when the mesh size becomes infinitesimally small (i.e., the energy convergence). Such a possibility will also be discussed in the following section.
There are still other challenges involved, such as the fracture energy mode mix, fracture energy value, bulk element constitutive model, cohesive law, contact problem and boundary conditions. However, this paper focuses on the possibility of obtaining converged solutions with the cohesive element method. These other challenges will be accordingly assumed to be known. These assumptions will be given in detail in the following case study.
MESH SIZE AND MESH PATTERN FOR THE ICE SHEET
There are several length scales in the simulation based on the cohesive element method. These are the ice sheet length , cohesive process zone length L cz , bulk element size , cohesive element spacing [7] , and a correlation length scale , which will be introduced later. It is generally required that the ice sheet length be much larger than the mesh size, i.e., bulk element size , and the cohesive zone length is much larger than the mesh size as well. The following equation (1) was proposed to approximate the size of the cohesive zone for a zero-velocity situation.
Using typical inputs, as listed in Table 2 , it can be found that the cohesive zone length of ice is on the order of one-tenth of a meter. Considering the scale of the ice sheet, on the order of hundreds of meters, to be simulated, the resulting calculational burden would be prohibitive. However, the above formula is based on the elastic property of the material while quasi-brittle materials are in one way defined as materials with a much larger fracture process zone. According to the field experiment in [14] , it was noted in [30] that the length of the sea ice's fracture process zone is on the order of several meters for horizontal propagation, while for vertical propagation, it is roughly 25 cmcm. This makes the usage of a mesh size on the order of meters possible.
Regarding the mesh pattern, it is noted in [10] that the usage of rectangular elements will lead to 'zigzag-shaped' cracks that are not applicable for the cohesive zone method because it would cause serious interlock in the case of shear. It was also noted by [25] that for a structured mesh with rectangular or brick elements, no matter how fine of a mesh has been applied, a 45° crack will always travel a distance longer than the actual crack (e.g. √2 times), leading to extra energy consumption (i.e., surface energy). For these reasons, a crossed triangle structured mesh pattern [26] has been generated in this study. Different from the shared node approach, the cohesive elements in this study were created and tied to the bulk elements. This makes it possible to alter the number of cohesive elements in between the bulk elements. Because generation of such a mesh is not trivial, a MATLAB code is developed to automatically create the input file for ABAQUS with a mesh pattern such as that shown in Figure 1 . 
SOME METHODS TO ACHIEVE ENERGY CONVERGENCE
It is concluded in [7] that if cohesive elements are put on all the boundaries of the bulk elements, mesh dependency occurs, i.e., the results continuously change with mesh refinement. In [19] , it is also found in their numerical simulation that a finer mesh leads to more energy consumption and more damaged elements, while a 'true' crack is still able to be localized in one element. Several approaches to remedy such mesh dependency have been proposed by previous researchers. These approaches are introduced in the following section, together with the planned simulation trials.
FEM Ice sheet with a homogeneous material property
One approach to achieve energy convergence is to utilize a much finer mesh. Based on substantial simulations, [8] showed the energy convergence in a one-dimensional example. An order of mesh size finer than that used in conventional applications has been implemented for the one-dimensional simulation. However, achieving an energy convergence in a three-dimensional simulation is still practically out of reach. For completeness and comparison reasons, ice sheets with a homogeneous material property and several achievable mesh sizes are simulated in the following case study.
FEM Ice sheet with a randomized fracture energy field
Another approach stems from a statistical point of view. Quasi-brittle materials such as concrete and ice are typical inhomogeneous materials. Using homogeneous simulation makes it difficult to localize the fracture, and this approach will lead to damage in a large region of the material. This is both physically and numerically unacceptable. With a simple tension test example, [10] illustrates the numerical necessity of including the inhomogeneity to localize the fracture. In a successful attempt to address the mesh dependency, [31] utilized an unstructured mesh together with the cohesive element's strength following a modified Weibull distribution. Though it was claimed by [31] that a regular Weibull distribution fails to yield mesh objective results, [32] compared the homogeneous simulations to those with inhomogeneity inclusions following a Weibull distribution. It was found that a random cohesive strength following a Weibull distribution converged much faster than the homogenous material modeling (if they would converge eventually, as shown by [8] ).
Based on the above research results and several trial simulations, a randomized ice property is also adopted in the current study to localize the fracture. Its capability in addressing the mesh dependency will be shown in the following case study.
FEM Ice sheet with bulk energy dissipation
To achieve mesh objectivity regarding the ice crushing simulation, a homogenization method is adopted in [21] to obtain a 'fracture energy' varying with mesh size to take into account the submesh-size microcrack-induced energy expenditure. However, this method requires a priori knowledge about the mean ice load and the assumption that all the elements in the crushed region fail, which are not the case in a bending failure mode. In [10] , a method to include the bulk material dissipation in the cohesive zone is introduced. Based on these two approaches, a 'mean fracture energy' that includes the bulk energy dissipation and varies with mesh size is utilized in the trial simulations to identify its effectiveness in alleviating the mesh dependency problem.
A CASE STUDY REGARDING LEVEL ICE AND FIXED SLOPING STRUCTURE INTERACTIONS
In this section, the cohesive element method, based on previous discussions, was adopted to simulate an ice and fixed conical structure (one type of sloping structure) interaction scenario. This case study has the following targets:
• Validating the effectiveness of different methods in achieving mesh objectivity in such large-scale level ice and conical structure interaction scenarios.
• Based on the simulation results, the ice breaking load in the ice breaking phase and the ice accumulation load in the ice sliding phase will be identified and compared (note that the ice rotating load in the ice rotating phase has been generalized into the ice accumulation load for simplicity).
NUMERICAL MODEL SET-UP
In this numerical model, the structure and the ice sheet are explicitly modeled, while the fluid beneath the ice sheet was implicitly considered to be extra load acting at the bottom of the ice sheet. A scenario in which the ice sheet interacts with a fixed conical structure at constant speed (1.202 m/s) is simulated. The general set up of the numerical model is shown in the following Figure 2 . The numerical model details are introduced separately in the following section. Figure 2 The numerical model set-up.
THE LEVEL ICE SHEET
Depending on the previous different methods, level ice sheets with three different material modeling considerations are modeled and are introduced in the following section.
Homogeneous ice sheet parameters
The level ice sheet in the simulation is 50 m (width) × 50 m (length) × 0.33 m (thickness). A crossed triangle mesh pattern was implemented with cohesive elements inserted in between. The continuum shell element [33] is utilized to model the bulk element so as to simulate the bending failure and upcoming fragment interactions. An elastic, perfect-plastic material property is chosen to model the compression failure of the bulk elements, while the major tension failure is accounted for by the interface cohesive elements. The material parameters for the bulk elements and cohesive elements are illustrated in Table 3 . Note that in the above table, the stiffness of the cohesive element is chosen to be 10 times larger than the neighboring bulk element. It has been mentioned in [31] that the elasticity of the cohesive elements alters the overall structural elasticity. A one-dimensional equation given in [34] illustrates that the effective stiffness is softened by a small cohesive element spacing and a small cohesive element stiffness. Thus, a much larger cohesive element stiffness compared with the bulk element stiffness is required. Accordingly, it is proposed in [35, 36] that the penalty method be used to obtain the initial stiffness of the cohesive element. As an initial attempt, it is simply assumed here that the cohesive element's stiffness is 10 times the bulk element's stiffness.
Randomized ice sheet parameters
Apart from the general information introduced in the previous section, the ice sheet's fracture energy randomization in helping the convergence is also investigated in the current study.
To focus on the effect of the fracture energy, the tensile strength is assumed to be constant, while the fracture energy distribution is assumed to be a random field. To the author's knowledge, the spatial distribution of the fracture energy of ice is not available in the literature. Therefore, it is then simply assumed that the fracture energy field follows a stationary Gaussian random field distribution with the correlation function shown in equation(2).
where L c is the correlation length (i.e., another length scale in the numerical implementation). It has been noted that a larger L c leads to a more homogenized material field. In the concrete fracture simulation, this value is chosen to be the aggregate size of the concrete [32, 37, 38] .
Regarding ice, to the author's knowledge, there is no general agreement on the existence of such a characteristic length in terms of the tensile strength, which may be assumed to be related to the fracture energy. Even the field experiment results regarding the spatial variations of the compressive strength are clouded with scatter [39, 40] . However, experimental results, especially from Test 1 and Test 2 with a higher sampling density (i.e., sampling numbers per area), show some indications that the spatial variation length is on the order of meters (ref to Figure 5 The generated data are then programmed by MATLAB to generate a series of material models assigned to corresponding elements at the specific locations in the ABAQUS input file, which is later submitted to the ABAQUS/EXPLICIT solver.
The introduction of bulk energy dissipation in the ice sheet
By considering the bulk energy dissipation, the total energy expenditure becomes the sum of the crack surface energy and the energy dissipated by the bulk material, as shown in equation (3)
where is the volume around the crack surface , is the energy supplied to a unit volume of the material when it is loaded up to peak load and then unloaded. Dividing both sides of equation (3) by , the mean fracture energy is obtained as in equation (4) 
It can be observed from the above equation that the mean fracture energy depends on the size of the specimen. This can be simply generalized to the finite element settings by correlating the specimen length with the bulk element size L m . As shown in Figure 6 with bulk energy allocation illustrations, each bulk element is divided into 3 parts with an equal area. Each carries 1/3 of the bulk energy. For different cohesive elements A, B and C shown in the figure, in addition to the original fracture energy , an extra of 2/3 of the bulk element's energy is pumped into the corresponding cohesive element. It can be shown that in equation (4) can be expressed as in equation (5).
As demonstrated in [10] , is a material property that can be related to tension strength , and Young's modulus , as shown in equation (6) . 
where is a dimensionless and also a material property. For concrete, it is in many cases less than 0.3. Equation (6) can be understood as that the bulk energy dissipation is equal to the energy expended by a tension stress , multiplying a portion ( ) of the maximum elastic strain , . In the current study, the value of is assumed to be 0.3, which means the 'inelastic strain' (whether induced by micro-cracks, plasticity or other energy dissipation mechanism, e.g., viscosity) covers only 30% maximum elastic strain, which is a realistic assumptions for a quasi-brittle material.
Thus, a mean fracture energy varying with mesh size is obtained for trial simulations.
FIXED CONICAL STRUCTURE AND FLUID
CONSIDERATION A conical structure with the same geometry as that in Table  3 of [41] is simulated. The material of the structure is assumed to be homogeneous and linear elastic, with a Young's modulus of 210 GPa, a Poisson ratio of 0.3 and a density of 7830 kg/ m 3 . The fluid is simulated in a rather simple way in the current study. Hydrodynamic effects [42] , and possible ventilation phenomena [2, 43] , are not considered. A simplified system with 3 different layers in the vertical direction is shown in Figure 7 . The vertical load is applied to each element's integration point as a body force. Depending on the coordinate of the integration point, different calculations, as in Figure 7 , are conducted. This algorithm is programmed in a user subroutine with FORTRAN and linked to the ABAQUS/EXPLICIT solver. Figure 7 Fluid effects in the vertical direction.
OTHER MAJOR ASSUMPTIONS
Simulating ice and structure interactions with the cohesive element method poses many challenges. Because the current paper focuses only on the applicability, especially the mesh objectivity of the cohesive element method, many other challenges have been simplified with reasonable assumptions.
Cohesive law and fracture mode mix
For simplicity, the linear softening cohesive law is adopted in the current study, while the fracture energy in Mode I is chosen to be 15 N/m, as shown in Table 3 . Because no fracture energies for sea ice in Mode II and Mode III are available, it is assumed that the ice can only fail in Mode I.
Ice crushing simplification
Though ice mainly fails in bending for a sloping structure, there is always some crushing present and this is important to be simulated correctly because the presence of crushing determines the contact properties between the ice and structure. However, the crushing of ice occurs on a much smaller scale than the bending of ice. If the cohesive element method is used again to simulate crushing, the mesh size has to be reduced much further, and the element type also has to be changed [21] . To circumvent these complexities and computational burdens, a softened pressure-over closure contact algorithm between the structure and ice is utilized. This contact allows a certain length Figure 6 Bulk energy allocations. of the intact ice (which has been adjusted to be less than the thickness of the ice sheet) to penetrate into the structure. Such penetrated ice parts are assumed to be crushed. This leads to a smeared pressure region (as shown in Figure 8 ) on the structure as opposed to separated points with extremely high pressure in the case of hard contact that is not physical. Figure 8 Illustration of the smeared pressure on the structure surface (a. initial contact; b. nonsimultaneous contact during the interaction).
SIMULATION MATRIX
Based on the previous different methods and assumptions, and also considering several different mesh sizes, a total of 25 trial simulations are conducted. The simulation matrix is shown in Table 4 . It can be observed that when using the mesh size of 0.5 m, several simulations with a randomized fracture energy field become unstable. It is assumed that such instability is caused partly by the shell element's low length-to-thickness ratio and again by the introduction of extreme cohesive elements (too weak or too strong) that lead to stress concentration. Thus, the simulation aborts with the occurrence of excessive element distortion. Most of the simulations are run on a cluster with 12 CPUs. A complete run with the finest mesh takes nearly 16 hours, while it takes only approximately 4 hours with the 2.5 meter mesh.
RESULTS AND DISCUSSIONS
The simulation returns the entire process of the structure interacting with the ice, including the initial contact, crack initiation, propagation, and upcoming fragment interactions (see Figure 9 for an example). Figure 9 Mises stress in the ice sheet during the initial contact, crack formation and fragment interactions.
The horizontal contact force history (the sum of the normal contact force and the shear force) at different integration layers (see Figure 14) of the structure are extracted in each simulation. A typical global horizontal load history is illustrated in Figure  10 , from which it can be observed that the load histories with different mesh sizes show some resemblance but are not exactly the same. The mean global horizontal load histories simulated by different mesh sizes are compared in Figure 11 . It is found in Figure 11 that, strictly speaking, all the previous proposed methods failed to ensure mesh objectivity. The mean load increases with mesh refinement. Comparatively, the method considering bulk energy dissipation gives relatively less mesh dependent results, especially from mesh sizes of 1 m to 2.5 m. However, the introduction of a randomized fracture energy field appears to have no influence on the mesh dependency.
The measured data scaled up from ice tank (HSVA) tests and the simulation results obtained in [41] are also illustrated in Figure 11 . Although the calculation results are mesh sizedependent, it can be observed that a mesh size (0.625 m) that is approximately twice the ice thickness (0.33 m) gives a relatively good estimation of the measured data.
Regarding the peak load, in the current study, the peak loads are sampled based on a threshold value, which is the mean value of the load history (the green line in Figure 12 ). Between each up-crossing and down-crossing, only one peak load is sampled, as shown in Figure 12 . Then, the mean values of the sampled peak loads are compared in Figure 13 . Similarly, Figure 13 shows that all methods are strictly mesh-dependent.
Only the method considering bulk energy dissipation appears to be slightly better than other methods. Figure 10 Global horizontal load history considering bulk energy dissipation. Figure 11 Mesh dependency of the mean horizontal load.
During the simulation, it is also observed that the fragmentation size is largely dependent on the element size. This means that in most cases, the ice sheet fails wherever a cohesive element exists. Fragmentation size statistics have been generated in [8] to study the energy convergence of the cohesive element approach. It was shown in Figure 9 of [8] that only when the mesh size is sufficiently small can a smoothed fragmentation size distribution be obtained. The intention of the sufficiently small mesh size is to simulate possible microcracks. However, under the currently available computational power, making the mesh size with cohesive elements infinitesimally small to include the microcrack effect is impractical. Some other methods should be adopted to bypass this limitation.
In the current study, when the microcrack-induced energy dissipation is considered by the bulk energy dissipation and lumped into the cohesive zone, it is more often observed that relatively larger fragments are formed. Though appearing only slightly more mesh-independent, a lot work is still needed to ensure mesh objectivity with the consideration of bulk energy dissipation.
Though the potential mesh-independent method under the cohesive element frame is not proved in the current study, based on the mean load and peak load comparisons, it is found that the method considering bulk energy dissipation can potentially achieve mesh objectivity. Furthermore, under the currently available computational power, it seems that implementing a mesh size that is twice the ice thickness tends to yield a realistic global horizontal load. The reason behind this might be that choosing a mesh size that is close to the typical ice breaking length tends to approximate the global ice load well. This explanation is based on the assumption that the typical ice breaking length is twice the ice thickness under a relatively high interaction speed (1.202 m/s) and a cone angle of 61.4
o . This assumption is within the proposed ice breaking length range specified by previous researchers [44, 45] . Figure 12 Illustration of peak load sampling. Figure 13 The mean value of the peak horizontal loads.
Based on the previous discussions, a preliminary simulation (the simulation based on the consideration of bulk energy dissipation and a mesh size of 0.625 m) is further scrutinized here. In order to extract the ice breaking load and ice accumulation load separately, along the vertical direction of the structure, several equally spaced layers are defined (as shown in Figure 14) . The mean horizontal loads, which are the integrated contact pressure in the respective layers, are also shown in Figure 14 . Currently, two preliminary methods can be adopted to extract different load components. Firstly, if we simply define the sum of the load on layer 9 and layer 10 as the ice breaking load, the rest being the ice accumulation load, it can be observed that the ice breaking load covers 64% of the total global load, while the remaining 36% accounts for the ice accumulation load induced by the ice fragments. However, it is possible that in the waterline region (i.e. layer 9 and 10), the ice accumulation load is also significant. Therefore, in the second approach, it is assumed that only the loading impulses in the waterline region as the ice breaking load. Based on a simple algorithm, after subtracting these load impulses, a substantial portion of ice accumulation load is present at the waterline region (see the pink colour in Figure 14) . According to this further load separation at the waterline region, the ice breaking load decreases to 30% of the global load, in accordance with the result in [41] , in which the ice breaking module contributes only 25% of the global load. The first method here bases purely on geometrical consideration while the second one tries to relate the ice breaking load's physical meaning in a preliminary fashion. It should be noted that neither method here is perfect, the true answer lies somewhere in between, further more rigorous algorithm to separate the load components at the waterline region is to be developed. However, the current results do show the locations where large mean loads are encountered, and again, the ice accumulation load is significant (approximately 36% even in the first definition). 
CONCLUSIONS
The cohesive zone method, which is capable of simulating both the fracture initiation and propagation, is a promising theory to model the ice fracturing and ice accumulating processes. As one of the numerical methods based on the cohesive zone method, the cohesive element method is evaluated in this paper. This paper attempted to investigate the possibility of two different approaches (i.e., introduction of a random ice field and bulk energy dissipation considerations) to obtain mesh objective results. Based on a series of trial simulation results and under the currently available computational power, it is concluded that utilizing a mesh size that is approximately twice the ice thickness and implementing the cohesive element method together with bulk energy dissipation are expedient ways to obtain results that are relatively less mesh-dependent and close to the measured data. Based on one such preliminary method, the contributions from the ice breaking load and ice accumulating load are obtained separately. It is again shown that the ice accumulation load covers a significant portion of the global ice load. Thus, it is very important to be able to simulate both the fracturing and fragmentation of ice during ice and sloping structure (especially wide structure) interactions.
